Depending on the specific event scenario and on the purpose of the analysis, the availability of calculation methods that are not implemented in the standard system thermal hydraulic codes might be required. This may imply the use of a dedicated fuel rod thermomechanical computer code. This paper provides an outline of the methodology for the analysis of the 2A LB-LOCA accident in Atucha-2 NPP and describes the procedure adopted for the use of the fuel rod thermomechanical code. The methodology implies the application of best estimate thermalhydraulics, neutron physics, and fuel pin performance computer codes, with the objective to verify the compliance with the specific acceptance criteria. The fuel pin performance code is applied with the main objective to evaluate the extent of cladding failures during the transient. The procedure consists of a deterministic calculation by the fuel performance code of each individual fuel rod during its lifetime and in the subsequent LB-LOCA transient calculations. The boundary and initial conditions are provided by core physics and three-dimensional neutron kinetic coupled thermal-hydraulic system codes calculations. The procedure is completed by the sensitivity calculations and the application of the probabilistic method, which are outside the scope of the current paper.
Introduction
Loss of coolant accidents mean those postulated accidents that result from the loss of reactor coolant at a rate in excess of the capability of the reactor coolant makeup system from breaks in the reactor coolant pressure boundary, up to and including a break equivalent in size to the double-ended rupture of the largest pipe of the reactor coolant system.
A peculiarity of the Atucha-2 design is the positive void reactivity coefficient. This is a characteristic in common to other heavy-water-moderated reactors that utilize natural uranium as fuel. This implies that after a LB-LOCA event, the fission power peak at the very beginning of the transient is controlled by the void formation in the core channels, and then it is determined by the pressure wave propagation from the break. Indeed, the moderator is still liquid and flashes delayed with respect to the coolant, thus the LOCA event is also a RIA event.
Depending on the specific event scenario and on the purpose of the analysis, the availability of calculation methods that are not implemented in the standard system thermal hydraulic codes might be required, as well as burst temperature, burst strain, and flow blockage calculations. This may imply the use of a dedicated fuel rod thermomechanical computer code such as TRANSURANUS.
This paper provides an outline of the methodology for the analysis of the 2A LB-LOCA scenario in Atucha-2 NPP, focusing on the procedure adopted for the use of the fuel rod thermo-mechanical code. The methodology implies the application of best estimate thermal hydraulics, neutron physics, and fuel pin performance computer codes, with the objective to verify the compliance with the specific acceptance criteria. The fuel pin performance code is applied with the main objective to evaluate the extent of cladding failures during the transient.
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The procedure consists of a deterministic calculation by the fuel performance code of each individual fuel rod during its lifetime and in the subsequent LB-LOCA transient calculations. The boundary and initial conditions (BIC) (e.g., pin power axial profiles) are provided by core physics and three-dimensional neutron kinetic coupled thermal-hydraulic system codes calculations (see [1] ). The procedure is completed by the sensitivity calculations and the application of the probabilistic method, with the aim of a better understanding of the uncertainties involved and their technological consequences on the behavior of the fuel rods, which are outside the scope of the current paper.
Overview of Atucha-2 NPP
Atucha-2 is a pressurized heavy water cooled and moderated reactor (PHWR) designed by Siemens under construction in the Republic of Argentina. The nominal electric power is 745 MWe. The reactor is equipped with a PWR-type reactor pressure vessel (RPV). The operating pressure for the moderator and the coolant is equal (11.5 MPa) since the same fluid is simultaneously passing through the core and the moderator tank. The moderator and coolant circuits are connected through the bypass in the lower plenum and the upper plenum of the RPV. The former is constituted by two loops with U-Tubes SGs. The latter is a four-loops moderator system connecting, upstream and downstream, the moderator tank. Four horizontal U-Tubes exchangers remove the heat from the moderator system and preheat the feed water. The reactor power is generated in the core, composed of 451 fuel bundles placed in vertical fuel channels, each one containing a fuel assembly (FA) composed of 37 fuel rods. The reactor power is removed via the above-mentioned 2 hydraulic loops equipped with UTubes steam generators (SGs).
The fuel rod consists of a stack of 5.3 m of natural UO2 pellets, compensation pellets in Al2O3, the supporting tube, and the compression spring. Everything is placed into a Zircaloy-4 cladding tube. Although most fission products are retained within the UO2, a fraction of the gaseous fission products is released from the pellets and accumulated in the plenum of the rod. The fuel rod cladding thickness is adequate to be "free-standing", that is, capable of withstanding external reactor pressure without collapsing onto the pellets. All fuel rods are internally prepressurized in order to reduce compressive cladding stresses and creep down due to the high coolant pressure. Helium is used as pressurizing gas to get good heat transfer from fuel to cladding.
The plant is operated with an on-power refueling that is performed by a refueling machine. After the equilibrium burnup is reached, the refueling is performed in order to move each FA just three times during its lifetime. Thus, a fresh FA is introduced into the core in a position and kept there until it reaches a certain burnup (transition burnup); then it is moved to its final location, where it is irradiated up to the discharge burnup.
Atucha-2 LB-LOCA Transient
The double ended guillotine break LOCA (DEGB LOCA or 2A LOCA) constitutes the "historical" event for the design of emergency core cooling systems (ECCS) in water-cooled reactors and is primarily adopted in vessel-equipped nuclear power plants. It is assumed that the largest pipe connected with the reactor pressure vessel (RPV) can be broken: two end breaks are generated, typically at the RPV side and at the main coolant pump (MCP) side.
In the case of Atucha-II, the history of the construction and the agreement between the regulatory authority and the utility brought to the exclusions of the 2A LOCA from the list of the design basis accidents (DBA), [2] [3] [4] . Therefore, it belongs to the category of events SBDBA (selected beyond DBA).
The analysis is performed by means of two nodalizations addressing the short tarm (10 s) and the long term (3000 s) of the transient. The former is calculated with a detailed nodalization coupled with the NK ("280ch"), the latter is analyzed with a more simplified model ("60ch"), which uses the 0D-NK and is coupled with the protection, limitation, and control systems of the NPP [4] .
The BIC for the fuel pin mechanic analyses are based on the "280ch" model, for the following main reasons. (i) The higher level of detail available is more adequate for providing the boundary and the initial conditions.
(ii) Changes of the axial linear power profile, which might have a relevant impact on the results, are calculated by the 3D-NK model, but not by the 0D-NK model.
The analyses are limited to the first 10 s, because the power excursion and the cladding heat up occur during this timespan. However, the long-term behavior of the fuel rods is addressed in the sensitivity analyses on the base of the results of the "60ch" nodalization. Several analyses were performed in order to investigate the worst LOCA in Atucha-II. These sensitivities addressed the break area, the break opening time, the number of boron lances available, and the break position, see [4] .
Description of the Transient
Four phenomenological windows (Ph.W) are identified, based on the key phenomena and the relevant thermalhydraulic aspects occurring in Atucha-2 2A LOCA. They are (i) fission power excursion, (ii) CHF occurrence and clad temperature excursion, (iii) quenching and fuel channels refill, (iv) long-term cooling. These phases or Ph.W are adopted instead of the classical "Blowdown", "Refill," and "Reflood" phases adopted in systematic studies of the LBLOCA in PWR [4] .
Ph.W.-Fission Power Excursion (RIA).
The first phenomenological window starts from the opening of the break till the time when total fuel energy achieves 90% of the value Science and Technology of Nuclear Installations 3 attained when power equals the decay value (this is to ensure that the RIA part of the transient is terminated and to include in this period possible damage mechanisms originated by energy deposition in the fuel, see Figure 1 ). The duration of the first Ph.W is of the order of one second. The propagation of the depressurization wave that originated at the break and the consequent occurrence of the fission power peak are the characterizing phenomena. Start of the CHF condition occurs in this period.
Ph.W.-CHF Occurrence and Clad
Temperature Excursion. The second window lasts from the end of the previous window till (roughly) the time of actuation of accumulators. The duration of the second window is of the order of ten seconds. The widespread of the CHF condition and the rod surface temperature excursion, including the occurrence of the peak cladding temperature and the related turnaround caused by liquid flashing and by flow reversal in the core, are the characterizing phenomena. Containment pressurization also occurs during this Ph.W.
Ph.W.-Quenching and Fuel Channels
Refill. The third window ends when liquid level (mixture) fills all the core channels. At the beginning of the Ph.W. early quench occurs noticeably before the actuation of emergency systems and is caused by flow reversal in the core and flashing. The ECCS intervention keeps the clad temperature down and is necessary for refilling of the fuel channels. The duration of the third phenomenological window is of the order of a few minutes. In this period, equalization of pressures between containment and primary circuit occurs.
Ph.W.-Long-Term Cooling (LTC).
The fourth Ph.W implies the continued containment sump recirculation operation and ensures the "post-LOCA long-term" core cooling. The behavior of the sump (liquid level and temperature, other than debris effect), the performance of the SIP, and the level distribution (and stabilization) in the primary loop constitute the characterizing thermal-hydraulic phenomena.
Fuel Safety Criteria
An overview of fuel safety criteria relevant for the fuel performance of CNA-2 NPP is briefly quoted in this section. Reference is given to the document issued by UNIPI and related to "proposal for performing the Atucha-2 accident analyses for licensing purposes", [2] according to the international practice (see also [5] ).
Specific acceptance criteria for design basis accidents for CNA-2 NPP are reported in Table 1 . Criteria that are addressed by TRANSURANUS code are highlighted in red, notwithstanding the classification of SBDBA of the LB-LOCA in Atucha-II.
In addition to these, in the current approach, the extent of fuel failure of 10% has been considered as reference (according to German licensing regulations) [6] . 
Core Status
The Atucha-2 reactor has on-power re-fueling. There are three refueling paths, as summarized hereafter and they depend upon burnup.
Path 1.
Fresh fuel enters zone 6, stays until a transition burnup, moves to 5, stays until it reaches the exit burnup, and leaves the core.
Path 2. Fresh fuel enters zone 2, stays until a transition burnup, moves to 4, stays until it reaches the exit burnup and leaves the core.
Path 3. fresh fuel enters zone 3, stays until a transition burnup, moves to 1, stays until it reaches the exit burnup and leaves the core. The fuel can be considered divided in two groups: the fuel that has not been subjected to shuffling and fuel that has been moved after reaching the transition burnup of the belonging zone.
Fuel burn-up zones are represented in Figure 3 . All the fuel channels are identified according to RELAP5-3D model. Different colors represent different refueling paths. The calculations are performed at the equilibrium burnup distribution for the reference core for each fuel assembly.
The 451 fuel assemblies are represented one by one in the neutronic model whereas the thermal hydraulic model represents the 451 core channels with 280 "pipe" components. The association between neutronic and thermal hydraulic conditions for each fuel rod is carried out according to Figure 3 . Each rectangle corresponds to a channel in the reactor. Internally, the number represents the identification of the RELAP5-3D model: they are consecutive numbers from 250 to 529. Each channel is, then, identified with 2 coordinates according to the neutronic schematization.
Linear heat rate is provided by the 3D-NK model (451 values) assuming the 37 rods of each fuel assembly contribute with the same power. The temperatures and pressures (280 values) are the ones of the corresponding hydraulic channel, see Figure 3 for correspondence.
TRANSURANUS Overview
TRANSURANUS is a computer program for the thermal and mechanical analysis of fuel rods in nuclear reactors (see [7] [8] [9] [10] ). The TRANSURANUS code consists of a clearly defined mechanical-mathematical framework into which physical models can easily be incorporated. The mechanicalmathematical concept consists of a superposition of a onedimensional radial and axial description (the so-called quasitwo-dimensional or 1.5-D model). The code was specifically designed for the analysis of a single cylindrical rod.
On the basis of the defined boundary conditions, the code calculates the temperature distribution and the fission gas release inside the fuel rod, the corresponding inner pressure, the ZrO2 thickness growth, the equivalent oxidation, and the plastic deformation of the cladding. Fuel rod burst is checked through appropriate failure criteria [5] .
TRANSURANUS code can also be applied in design basis accident (DBA) analyses, including LOCA and RIA, to complement system level simulations and to verify the fuel-specific safety acceptance criteria on the basis of detailed thermo-mechanical computations.
The LOCA-specific models available in the code are validated up to value of cladding temperature equal to 1200
• C.
TRANSURANUS Loca Specific Failure Criteria
The option Loss Of Coolant Accident (LOCA) analysis in TRANSURANUS code activates specific models either for fresh fuel rods or fuel rods with specific burnup (which include an analysis of the normal operation prior to transient). This latter method provides the unique possibility of the consistent simulation of fuel rod performance under normal operation and accident conditions. The model and material property can be defined specifically for LOCA analysis. The transition between normal and LOCA-specific models is at the user-defined time set in the LOCA input block (tloca). Three different failure criteria are available in TRAN-SURANUS code, specific for LOCA conditions [7] .
The first cladding failure criterion is based on stress assessment, that is, the comparison of the calculated tangential stress with a distinct failure threshold (overstress criterion). The failure threshold of the cladding alloy is defined as a function of the actual temperature and oxidation level in the material property function. The second failure principle is a simple "plastic instability criterion" based on the simultaneous assessment of the effective true strain and the strain rate. When both the strain and the strain rate exceed the threshold values of 0.025 and 100 1/h, respectively, (values set by the user in the input) [7, 11] , the cladding is assumed to be ruptured. These parameters are introduced in the model as input parameters. This criterion is applied concurrently to an "overstrain criterion" (third out of three criteria) that is, if plastic instability is not indicated, then the overstrain criterion is checked automatically. This criterion limits the true tangential plastic strain to the maximum of 50%. These criteria were introduced particularly for LOCA analyses, see [8] , due to the significant uncertainty of the stress computation at large cladding deformation.
Base Irradiation
The base irradiation is the time period from the insertion of the fresh fuel rod into the core, up to the time at which the equilibrium burnup of the reference core is reached. Distinctions between rods that are and are not subject to shuffling are separately discussed in the following sections.
Base irradiation calculations are performed in order to reach the equilibrium burnup of the reference core.
No Shuffling.
The base irradiation of the fuel rods that are not subjected to shuffling, (corresponding to the fuel zones 2, 3, and 6 of Figure 3 ) is performed by imposing the axial linear heat rate, the fast flux, the axial temperature, and the pressure histories, which are specific for each fuel rod. This allows them to reach the corresponding burnup conditions as evaluated for the equilibrium core, used for the FSAR preparation. 2A-LOCA transient starts after the base irradiation, from the "rod-specific" linear heat rate, temperature, pressure, and fast flux of the steady state according to the RELAP5-3D calculation.
Shuffling.
The fuel assemblies subjected to shuffling correspond to the fuel zones 1, 4, and 5 of Figure 3 . For those assemblies, the base irradiation can be divided into three zones, according to the representation of Figure 4: (a) the zone before shuffling (up to t transition burnup), (b) the shuffling itself (between t transition burnup to t10), and (c) the zone after the shuffling (between t10 to t LOCA). Temperature distribution and pressure from the steadystate values of the RELAP5-3D, specific for each rod, are modeled as boundary conditions for the base irradiation of the rods belonging to these zones. Three values of linear heat rate, corresponding to the maximum of each zone of Figure 3 , are modeled.
Refueling Zone.
The fuel element withdrawal and insertion velocities are modeled using the value of 1m/min. The fuel residence time outside the core is set to 40 min according to the information available from NA-SA,. Additional assumptions are made for extraction and insertion of the fuel rods, as described in the following part.
Case of Rod Extraction. The refueling modeling is performed in "steps". Considering that the fuel model is divided into 10 axial segments and the length of each segment is 0.53 m, the time elapsed for taking out of the core each segment, considering that the withdrawal and insertion velocities of 1 m/min, is 0.53 min. Between two values, the linear heat rate is linearly interpolated.
Relative axial power history during refueling in function of relative axial position is reported in Figure 5 for each time step of 0.53 min. The minimum linear heat rate is equal to the decay heat, as shown in the figure.
During refueling, the pressure remains constant at the steady-state value. The axial cladding temperature profile changes in step from the actual value to the temperature calculated at decay power conditions with the coolant temperature of the core inlet at full-power steady state.
Case of Rod Insertion. The pressure is constant at the value of the reference steady state. The temperature as well as the linear heat rate axial distribution is accounted for in the calculation using the algorithm reported here and the reference steady-state values. The linear heat rate corresponds to the decay conditions. This formulation is applied for both linear heat rate and temperature.
The axial power history as a function of time for the 10 axial positions is reported in Figure 6 . This figure represents the relative axial power as a function of time; each dot represents a step of 0.53 min. In this sample case, three axial positions of the rods (from the bottom to position 3) exhibit an increase of relative axial power followed by a decrease. Indeed, the lower part of the rod passes from a region at low power to a region at a higher power and finally it returns in a lower power zone. The position of the rod corresponding to the maximum axial power value exhibits only a decrease of linear heat rate.
During refueling, pressure remains constant. The axial cladding temperature profile changes in step from the actual value to the temperature calculated at decay power conditions with the coolant temperature of the core inlet at full-power steady state. 
Zone after Shuffling up to Equilibrium Burnup

2A-LOCA Transient
2A-LOCA transient calculations start after the base irradiation, at the time when each rod reaches the equilibrium burnup of the reference core. Two additional analyses of the core are performed to complement the deterministic calculation, assuming all the rods at burnup equal to 0 MWd/kgU (fresh fuel) and 8 MWd/kgU (maximum burnup allowed). The base irradiation of these series of runs is performed with the following assumptions:
(i) axial shape of linear heat rate and fast flux constant in time at the value of the steady-state neutron kinetic calculations (specific for each rod);
(ii) axial shape of temperature constant in time at the value of the steady-state thermal hydraulic calculations (specific for each rod);
(iii) pressure of the channel at the value of the steady state thermal hydraulic calculations (specific for each rod).
The results of these two additional analyses are not reported in the current paper.
Assembly Radial Peaking Factors
The radial peaking factors for the power are accounted for in the analyses. The ring-to-ring-power distribution was calculated by NA-SA using WIMSD code ( [13] ).
MATLAB Transfer Program
The boundary conditions selected for the fuel analysis to be implemented in the "MACRO" part of the input are: Calculations are performed through a program written in MATLAB language, a brief outline is reported below.
The program is written to run with MATLAB, and is prepared in order to perform automatically the analysis of all the fuel rods at the selected burnup and considering the refueling strategy. An outline of the program block is reported in Figure 8 .
The program, written in blocks to facilitate the review, needs as input (i) the output of the preliminary calculations performed by RELAP5-3D/NESTLE code,
(ii) the "DATA BLOCK" part of the TRANSURANUS input, (iii) the TRANSURANUS code and annex files, and (iv) some "input files" which allow the program to perform the runs automatically.
A transferring map provides then the correspondences among the real NPP configuration (451 fuel assemblies with 37 fuel pin each) and the TH and the NK representations (280 TH channels and 451 × 10 neutron kinetic nodes).
The data are then transferred in the TRANSURANUS input models. Finally, the program automatically runs the code and stores the results for all the rods.
The program is able to cope with different radial peaking factors different burnup and refueling strategies.
Results
The fuel analysis is carried out using the version "v1m1j08" of TRANSURANUS code. It consists of the simulation of the 451 rods, each one representing 1 out of 451 fuel assemblies.
The results discussed hereafter are based on one selected 2A LOCA reported in [4] . First the rod analysis is focused on the average behavior of the fuel in the assembly. Then, the application of assembly radial peaking factors is addressed to distinguish, as far as possible, the different behavior of the rods in assembly.
The LB-LOCA transient starts at the time where the equilibrium burnup of the reference core is reached for each rod. Four rods representing four fuel assemblies are calculated to fail.
The list of the failed assemblies is reported in Table 2.  The table highlights at the beginning of the LOCA, the ratio between PCT and LHR and their maximum values, and the zone of the core where the rods are placed and the predicted cause of failure. Figure 9 reports in black the failed fuel assemblies modeled by the average representative fuel rod. One out of 451 code calculations does not reach convergence (i.e., the time step required is less than the minimum time step). This fuel rod (assembly 467 AB11) is assumed to fail because it exhibits the maximum PCT after about 2.75 sec from the beginning of the LOCA. Among the other three failures:
(i) assembly 267 AK22 is predicted failed just after the cladding temperature peak during the quench phase of the LOCA (i.e., after about 5 sec from the beginning of the LOCA);
(ii) the assembly 327 AF33 is predicted failed during the cladding heatup (i.e., after about 3 sec from the beginning of the LOCA);
(iii) the assembly 267 BL21 fails for plastic instability just after the cladding temperature peak during the quench phase of the LOCA (i.e., after about 5 sec from the beginning of the LOCA). Figure 10 reports the time trend of the pellet outer radius, cladding inner radius and the contact pressure between fuel and cladding, and the gap and coolant pressure of the equivalent rod corresponding to the assembly 267 BL21. The fuel and the cladding at the beginning of the LOCA transient are in contact, and the contact pressure shows a maximum value of about 6 MPa. The equivalent stress and the burst stress together with the creep strain as a function of the time are depicted in Figure 11 . The burst stress is a decreasing function of temperature (burst stress is lower at higher temperature). The rod fails to plastic instability. This means that the sum of the effective plastic strain and effective creep strain and the strain rate exceed the limits that are set through the input deck for strain and strain rate. Figure 12 reports the fuel outer radius and cladding inner radius as function of time for the rod 267 BL21 for the overall irradiation. Figure 13 reports the outer cladding radius as a function of burnup for all the rods. The higher values are predicted at lower burnup. The maximum value is exhibited by the rod corresponding to the assembly 267 BL21 (not reported in the figure) that is predicted failed for plastic instability. Notwithstanding the low burnup, the rod no. 272 BA24 exhibits the highest value of cladding strain and high value because it has the maximum cladding temperature and linear heat rate. Another important parameter, affecting fuel cladding behavior under transients and postulated accidents, is the internal rod pressure. As it can be seen from Figure 14 , the higher the pressure, the higher the resulting cladding outer radius. Also in this figure, the rod no. 272 BA24 exhibits the highest pressure and the highest cladding outer radius. Tables 3 and 4 
Effect of the Assembly Radial Peaking Factors.
The evaluation of the number of the pin failures in the core is performed considering the FA radial peaking factors [12] . It is assumed that the power distribution inside the fuel assembly is characterized by an azimuthal symmetry. Each ring of Figure 7 is characterized by a specific linear power proportional to the NESTLE steady-state and transient calculations. The other parameters assumed as boundary and initial conditions of the fuel pin mechanics analyses are those utilized for the reference calculation. The results are reported below separately for each ring. The applied radial peaking factors for the linear heat rate, with reference to Figure 7 , are (i) 3rd ring containing 18 rods, linear heat rate multiplication factor: 1.1065;
(ii) 2nd ring containing 12 rods, linear heat rate multiplication factor: 0.9296; (iii) 1st ring containing 6 rods, linear heat rate multiplication factor: 0.8508; (iv) central rod, linear heat rate multiplication factor: 0.8222.
The percentage of failed rods considering the whole core, composed by the 16687 fuel rods (assembled in 451 fuel assemblies), and distinguishing the different assembly radial power peaking factors resulted in 1.13%, for the considered scenario.
The failed rods are grouped per ring as follow: Science and Technology of Nuclear Installations 11 126 out of 188 failed rods are predicted to lose their structural integrity during the heat up, when the power peak is already passed and the temperature is approaching the maximum. The ratio between the maximum local temperature for the considered rod and the maximum temperature calculated during LOCA for all the core for these rods is always above 0.9. The remaining 62 rods, are predicted to fail during the quenching of the cladding.
Conclusions
The analysis of the 2A LB-LOCA in Atucha-2 NPP implies the application of best estimate thermalhydraulics, neutron physics, and fuel pin performance computer codes, with the objective to verify the compliance with the specific acceptance criteria. This paper provides a description of the methodology and the procedure adopted for the analysis and the interactions among the codes for evaluating the behavior fuel rods with respect to their acceptance criteria. The analysis is performed by means of the thermo-mechanical code TRANSURANUS.
The procedure consists of calculating the initial conditions of each rod of the core for a specific core configuration, and, then, the behavior on transient of the fuel pin on the base of a high detailed three-dimensional neutron kinetic coupled thermal-hydraulic system code (RELAP5-3D) calculation. The consideration of the assembly radial peaking factor allows the distinguishing of the different behaviors of the rods belonging to the same assembly. The procedure is completed by the sensitivity calculations and the application of a probabilistic method for the evaluation of the uncertainty not discussed in the present paper. The analyses of the TRANSURANUS results demonstrate that the percentage of fuel rods failures, for the selected 2A LBLOCA transient, is well below 10%.
Finally, the outcomes of the calculations will be also used to evaluate the radioactive release following LB-LOCA accident.
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